The catalytic performance of NiMoAl catalysts derived from layered double hydroxide (LDH) precursors with molybdenum species incorporated into the interlayers was investigated for the hydrodeoxygenation (HDO) of anisole as a model compound of the lignin. The results showed that high dispersion of small Ni nanoparticles with 2-5 nm due to the pinning effect of Mo from Mo 7 O 24 6− intercalated the LDHs. Due to presence of the oxygen vacancy sites on the molybdenum oxide, the NiMoAl catalysts exhibit higher conversion of anisole than the corresponding NiAl catalyst. The activity for hydrodeoxygenation was enhanced with the increased content of molybdenum species, which can be attributed to the larger amount of acid sites-promoted removal of oxygen from anisole. In addition, the NiMoAl catalysts show higher resistance to deactivation than the NiAl catalyst, and can be broadly applied to other hydrodeoxygenation reactions.
Introduction/background
Due to the rapid depletion of petroleum resources and the ever-demanding needs for fossil fuels, exploration of renewable energy option as an alternative becomes inevitable. Lignocellulosic biomass is a kind of extensive, renewable and economical resources from agricultural and forest, and has attracted much attention [1, 2] . Nonetheless, the crude bio-oil produced derived from lignocellulosic biomass using conventional pyrolysis, gasification and liquefaction of lignocellulosic biomass contains large quantities of oxygenated compounds. Because of their chemical and thermal instability, low heating value, high viscosity and acidity that, to some degree, their applications in transportation have been limited [3, 4] . Fortunately, high quality liquid fuel can be obtained by catalytic hydrodeoxygenation, which is considered to be an exceedingly effective route for bio-oils upgrading to valuable fuels with high energy density [5] .
Hydrotalcite-like layered double hydroxide (LDH), a class of inorganic lamellar compounds having the general formula M 2+ 1-x M 3+ x (OH) 2 (A nx/n )·yH 2 O (A n-= anion with charge n), has been found to be active and stable in a wide variety of catalytic applications, such as electrocatalysis [6] , photocatalysis [7] , H 2 generation from water [8] , O 2 formation from water oxidation [9] , and various chemical transformation of small organic and inorganic molecules [10] , etc. Catalytic conversion of oxygenated bio-oil fraction using various oxygenated monomers or oligomers as the model compounds and the direct hydrodeoxygenation (HDO) of lignin had been extensively studied [11] . However, the use of LDH in the application of biomass-to-energy conversion has been very limited. Usually, noble metal catalysts have been widely used in the HDO of various oxygenated bio-oil monomers [12, 13] . However, the high cost of the catalysts limits their applications. As new hydrotreating catalysts, transition metal phosphides and carbides have been studied [14] , in which the selectivity toward heteroatom removal have been kept improving. In addition, nickel-based catalysts seem to be a promising non-noble metal catalytic system for lignin-derived model compounds to produce fuel components because of the high HDO activity, sulfur-free nature and low cost, as have been demonstrated by our previous studies [15] [16] [17] [18] .
We have previously demonstrated an original method to obtain nickel-based catalysts deriving from layered double hydroxides (LDHs) precursors [19] . We have found that the hydrogenation capacity of these catalysts is stronger than the corresponding hydrogenolysis activity. However, the occurrence of agglomeration of Ni particles during the reaction easily leads to inactivity [19] . Recently, Aditya et al. [20] found that the modification of Mo 2 C surface by the oxygen-containing reactants promotes the selectivity towards benzene and toluene -the products of direct hydrodeoxygenation. Indeed, effective hydrodeoxygenation of biomass-derived oxygenate is achieved with MoO 3 which produces unsaturated hydrocarbons with high yields under low H 2 pressures [21] . Therefore, MoO 3 is considered to be beneficial to the dispersion of active metal particles and the synergistic effects between them.
In this work, NiMoAl catalysts were prepared by calcination of NiAl-heptamolybdate LDHs derived from ion-exchange with ammonium heptamolybdate of NiAl-terephthalate LDHs. To understand the HDO performance of Mo modified Ni-based catalysts with different Mo content, anisole is used as a model compound since it has relatively simple molecular structure and high abundance of C methyl -O bonds and C aromatic -O bonds. The materials exhibited high HDO activity for the cleavage of anisole under the low hydrogen pressure. The reaction pathway of anisole was also investigated for these catalysts, in which the different reaction steps corresponding to the active sites of these catalysts were altered, compared with the non-modified ones. Finally, the stability of catalyst was preliminarily analyzed.
Results & discussions
Characterization of LDH precursor Figure 1a illustrates the changes of the XRD pattern from NiAl LDH to NiMo30Al LDH. The profile of NiAl LDH sample is typical of the terephthalate intercalated-LDHs. The three sharp peaks in the region of [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] o correspond to the (003), (006) and (009) planes of the NiAl LDH structure [22] . The distance between the brucite layers is equal to 14 Å, calculated from 2θ = 6.3°for the (003) reflection of NiAl LDH; and the brucite layer thickness is 4.8 Å, calculated from 2θ = 62°for that of the (010) reflection, which an interlayer spacing of 9.2 Å may be deduced, consistent with terephthalate anions installed perpendicularly into the gallery space of the layers [23] (the length of the terephthalate anion is ca. 9 Å with vertical). This is strong evidence that hydrotalcite-like materials were indeed obtained. However, the intensity of the diffraction peaks is significantly decreased upon exchange with heptamolybdate. For the NiMo30Al LDH sample, weak peaks at 2θ angles of ca. 6.8°, 14.8°, and 22.0°are observed, respectively corresponding to lattice plane (003), (006), and (009), whereas the position of the (010) diffraction peak at ca. 62°n ever changes. Accordingly, an interlayer distance is 12.1 Å and a brucite layer thickness is 4.8 Å, the gallery width is ca. 7.3 Å. The heptamolybdate anion (a) (b) Fig. 1 [24] . Figure 1b shows the FTIR spectrum displaying the changes undergone by NiAl LDH upon ion-exchange with AHM, in the range 400-4000 cm − 1 . The broad absorption band in the region 3200-3600 cm − 1 is assigned to the OH stretching vibrations, associated with the hydroxyl groups and interlayer water. In the wavenumbers range, NiAl LDH sample exhibits the narrow band at 1627 cm − 1 , which characterizes deformation of water molecules. The bands at 1390 and 1557 cm − 1 are assigned respectively to the symmetric and anti-symmetric stretching vibrations of the carboxyl groups in the terephthalate anion. The characteristic bands of terephthalate anion are observed as a sharp peak at 749 and 835 cm − 1 . The band at 420-430 cm − 1 is consistent with its assignment to Ni-O stretching and the band at 531 cm − 1 , together with the one at 980-1020 cm − 1 are consistent with their assignment to Al-O stretching vibrations in octahedral AlO 6 units [25] . For NiMo30Al LDH, the characteristic band of free OH group, ν (OH), is observed as a shoulder at 3635 cm − 1 , illustrating plenty of terephthalate anions are exchange with the smaller heptamolybdate ions thereby exposing hydroxyl compound in the interlay. The band near 940 cm − 1 is assigned to Mo = O bond stretching at terminal units and the ones near 885 and 645 cm − 1 are attributed to the antisymmetric vibration modes of Mo-O-Mo units at the corners and edges of MoO 6 octahedra respectively. Similarly, the heptamolybdate species are also octahedrally coordinated with oxygen [26] .
The chemical analysis reveals that the content of Ni, Al, and Mo in the prepared precursors are almost close to the corresponding theoretical value, as presented in Table 1 . This indicates the complete incorporation of heptamolybdate species into the gallery space. However, we notice it only when the amount of molybdenum is supersaturated that has been inferior to the theoretical value, which is due to some aluminum lixiviation during the ion-exchange [26] .
Characterization of NiMoAl catalysts
The wide-angle XRD technique was performed to study the crystal phase change of heptamolybdate species with the increase of the calcination temperature for NiMo15Al sample, as shown in Fig. 2 [27] , indicating that molybdenum oxide species has been already transformed from amorphous to crystalline state with the increasing temperature. Some researchers found that different O-coordinated MoAl compounds were formed on surface of alumina after calcination at certain temperature (500-600°C), which leaded to the increase of Brϕnsted acid sites on the catalysts [28, 29] . Interestingly, no feature attributable to the presence of an aluminum-containing phase is observed in any of the XRD patterns [30] . The acidity of calcined catalysts derived from four LDHs precursors with different Mo content was determined by NH 3 -TPD, and the profiles are shown in Fig. 3 . To compare the number of acid site, the integral area is converted into NH 3 desorption amount (acidity, μmol/g). The number of total acid sites substantially increased from 304.7 μmol/g to 396.9 μmol/g as the Mo loading increased, which may be due to hydroxide groups bonded to Mo 5+ species [31] . SEM images and corresponding X-ray maps of Al, Ni, O, and Mo for NiMo 15 Al sample are presented in Fig. 4 . It clearly showed that there are stack holes. In addition, the Ni, Al, and Mo atoms with high dispersion are grafted on the sample from X-ray mapping image, based on an in situ topotactic transformation of Mo-intercalated NiAl-LDHs precursors, which further indicated that Mo can be pinned between the Ni nanoparticles to prevent further sintering [32] . The presented guest-host mediated procedure is promising for the fabrication of metal NPs with a small size, high density, and good thermal stability for catalysis science.
Adsorption-desorption isotherms of N 2 molecules provide quantitative information on the pore structure of all kinds of samples. The surface area, pore diameters, pore volumes, adsorption-desorption isotherms and pore size distributions (PSD) are listed in Table 2 and presented in Fig. 5 . All the NiMoAl catalysts derived from Mo-intercalated LDHs precursors show a typical Type IV isotherm according to the IUPAC classification, which means a huge amount of mesoporous structure from the PSD. All samples have hysteresis loop because capillary condensation takes place, presenting the separation of the adsorption and desorption branches under a certain relative pressure range. However, there is no plateau next to the saturated state that match with the standard H4 type hysteresis loop. This clearly can be manifested that the pore structure is irregular, including slit pores, conical pores, interstices, and so on. In addition, the surface area and total pore volume gradually decrease with the increasing loading of molybdenum oxide, which is due to the pore blockage of molybdenum oxide. Nevertheless, the pore diameter remains a contrary tendency with the Mo content, which may be due to the supporting role of calcined heptamolybdate species in the porous materials. H 2 -TPR profiles of the samples derived from the Mo-intercalated LDHs precursors with different Mo content are shown in Fig. 6 , to understand the interaction among all components of the catalysts in the reduction process. The shoulder peak at 390°C is assigned to the reduction of NiMoO 4 phase on the surface to Ni and MoO 3 or the reduction of octahedrally coordinated nickel ions. The shapes are increasingly clear with the enhanced Mo content including the weak peak of the NiAl sample. It was found that the more nickel ions the much easier that the catalyst was to be reduced, suggesting that the spill-over hydrogen from the synergistic effects promotes the reduction of nickel ions [31] . The broad peak at 450°C is attributed to the reduction of tetrahedrally coordinated nickel ions. The peak at approximately 700°C correspond to the reduction of Mo 6+ in octahedral coordination to low-valence molybdenum cluster compounds [33] , such as Mo 5+ and Mo 4+ . The intensity enhanced with the increasing Mo content, probably as a result of the surface acidity number [34] .
The surface structures of the NiMoAl catalysts are further investigated by XPS. Figure 7 shows the Mo 3d curve-fitted spectra for the reduced NiMoAl catalysts at 450°C for 2 h, and the binding energies and the atom distributions are summarized in Table 3 . The signals are fitted into three sets of Mo 3d doublets, which respectively corresponded to the IV, V, and VI oxidation state. Some researchers [35] [36] [37] found that only after 500°C reduction was Mo 3+ obtained on the Mo/γ-Al 2 O 3 catalysts, indicating that no valence lower than 3+ was obtained at the same reduction temperature. Based on these results, the reduction degree of molybdenum is strongly dependent on the acidity of the support. Therefore, the interaction between the metal and support would change the degree of reduction [38] The percentage of Mo 4+ exhibited a steady increase from 0 to 58% with increasing Mo content, whereas that of Mo 5+ and Mo 6+ dropped from an initial high value of 76 to 35% and 24 to 7%, respectively. These result indicate that a higher Mo content favors the formation of a lower valence of Mo 4+ and Mo 5+ , suggesting that a higher reduction degree was obtained and more coordinately unsaturated sites are generated [31] .
The XPS spectra for Ni 2p are shown in Fig. 8 . Due to the multiple and overlapped peaks, the spectrum is also deconvoluted into two peaks, in which the first one at 852.5 eV is due to the binding energy of Ni 2p 3/2 and the latter at 858.8 eV is assigned to that of Ni 2+ 2p 3/2 . After reduction, the zero valent nickel is observed in each case [39] , indicating that the nickel oxide on the surface of catalysts are mostly reduced even when the molybdenum oxide is not added, which correlates well with the H 2 -TPR results.
Transmission electron microscopy is conducted to understand the morphology and particle size distribution of these four catalysts. Figure 9 displays their typical TEM images of the well dispersed Ni nanoparticles produced from Mo 7 O 24 6− intercalated NiAl-LDHs together with the distribution histograms of Ni particle size. The results reveal the homogeneous distribution of active species on the support can be obtained by calcination Figure 10 displays the HRTEM image of NiMo15Al catalyst after reduction treatment in pure H 2 (40 mL/min) at 450°C for 2 h. There are rare crystalline MoO 3 particles and well-dispersed Ni nanoparticles with 2 nm anchored [40, 41] , in which the Mo 7 O 24 6− intercalation modulate the particle size of Ni. And molybdenum oxide has already been partially transformed from amorphous to crystalline MoO 3 . The lattice spacing of the crystalline MoO 3 is 3.45 Å, calculated by two-dimensional fast Fourier transform (FFT), which are in accordance with the plane (210) of MoO 3 . After reduction treatment, the lattice spacing of well dispersed embedded metal particles is 2.03 Å, consistent with that of the Ni (111) plane [41] . In summary, the high dispersion of small Ni nanoparticles is based on the pinning effect of Mo from Mo 7 O 24 6− intercalated LDHs.
Catalytic HDO of anisole
The catalytic performance of HDO anisole derived from lignin over NiMoAl catalysts have been evaluated. All the experiments were carried out at least in duplicate and the result were well reproducible. The main products detected by GC-MS and GC are benzene (BEN) and cyclohexane (CHE). In addition, trace amount of phenol (PHE), cyclohexyl methyl ether (CME) and cyclohexanol (CHL) were also detected. Overall, the main reaction network and pathway of methoxy-rich compound anisole under the current conditions consist of three major classes of reactions: hydrogenation, hydrogenolysis and hydrodeoxygenation, as shown in Scheme 1. The main anisole hydrodeoxygenation reaction pathway may be divided into two steps: (i) the direct hydrodeoxygenation of anisole to benzene, (ii) the hydrogenation saturation of aromatic ring, resulting in the formation of cyclohexane. And small amounts of phenol, cyclohexanol and cyclohexyl methyl ether in the conversion of anisole are considered to be likely formed in sequential reactions but not the primary products.
The variation of the conversion of anisole and the major product distributions with W/F over NiAl, NiMo 5 Al, NiMo 15 Al and NiMo 30 Al catalysts are shown in Fig. 12 . Teerawit et al. [21] argued that MoO 3 was an effective catalyst for the hydrodeoxygenation (HDO) of lignin-derived oxygenates to generate high yields of aromatic hydrocarbons without ring-saturated products and presented high selectivity for the C-O bond cleavage under low H 2 pressures (≤1 bar). Therefore, our experiments are performed under low-H 2 -pressure environment. With the increase of the active component in these catalysts, the anisole conversion gradually increases from 35.12 to 75.86% and then 93.65% within the W/F of 14.47 min. The feedstock anisole was almost completely converted by NiMo 30 Al catalyst with the same W/F. It may be attributed to the increasing hydrodeoxygenation rate of anisole as the main conversion pathway, depending on the smaller Ni nanoparticles and more metallic catalytic sites possessing electron-acceptor properties [42] . The main products obtained from anisole are benzene and cyclohexane for all Ni-based catalysts. However, cyclohexyl methyl ether appears when the molybdenum species are not added into the catalyst. This indicates that there are the other parallel routes: the hydrogenation of the aromatic ring to form CME, which is converted then into CHL, and finally hydro-deoxygenated to CHE. According to a study by Alonso [43] , the hydrogenolysis activity by the Ni Scheme 1 The reaction network of anisole hydrodeoxygenation over the NiMoAl catalysts catalysts is low. CME is not easily converted into CHE by the NiAl catalyst, and the dissociation activity of C-O bond would significantly be improved when molybdenum oxide is added, which is due to another new mechanism. The oxidation state of molybdenum exhibited a dramatic variation in the NiMoAl catalysts with different Mo contents. species, and generated an oxygen vacancy site, which would result in the removal of the oxygen atom from the oxy-compound upon the adsorption on the vacancy site with concomitant regeneration of the vacancy with H 2 to produce water. Therefore, Mo 4+ is considered to be the deoxygenation active sites for the hydrodeoxygenation of small oxygenates. These results indicate that Mo 4+ species are an adsorption site rather than an active site in the catalyst. In addition, the ratio of BEN to CHE decreases sharply from 10 to 0% with the increasing Mo 4+ content at the W/F of 14.47 min, which due to the synergistic effect between Ni particles and Mo species. And the Mo 5+ species with OH groups are considered to be Brønsted acid sites. In this sense, the variation in the number of acid sites can be interpreted as due to the formation of Mo 5+ species [44] . Therefore, the HDO of anisole continually improve with the enhanced Mo content.
Since the reaction temperature also plays a crucial role on the C − O bond cleavage [15] , the effect of temperature on the conversion of the feedstock anisole and the selectivity of products over NiAl and NiMo15Al catalysts has been investigated. The corresponding results are shown in Fig. 12 . For NiAl catalyst, the anisole conversion only reaches up to 9% even at 220°C, and the main target products are BEN, CHE, CME and CHL, respectively, with a selectivity of 4, 19, 56 and 20%. With the increase of reaction temperature to 300°C, the HDO activity of anisole obviously increases with an enhanced CHE selectivity to 60%, but the direct hydrodeoxygenation pathway activity is just slightly increased and the selectivity of BEN reaches 14%, proving that higher temperature can not only effectively promote the Ni-catalyzed the hydrogenation and hydrogenolysis but also the direct hydrodeoxygenation reaction of anisole. On the other hand, the anisole conversion over NiAl catalyst is lower than that over NiMo15Al catalyst, which can be attributed to the relatively poor direct hydrodeoxygenation capacity derived from the larger nickel particles. When the temperature increased from 220°C to 300°C, the HDO activity improve. Interestingly, the selectivity of BEN significantly decreases over the NiMo15Al catalyst with the temperature, which maybe because of the presence of another pathway to convert BEN to the other product and its activity improves as the increased temperature. And it is found that the curve shows the nonlinear variations with increasing temperature, the response to changes in conversion at high temperature zones is more sensitive than that at low temperature zones, suggesting that the catalytic mechanism is different at high and low temperature over the catalysts. There are three parallel pathways forming from anisole to cyclohexane over NiMoAl catalysts under the current conditions: (1) the C aromatic -O bond cleavage with the formation of BEN; (2) the hydrogenation of the aromatic ring to form CME, which is converted then into CHL, and finally hydro-deoxygenated to CHE; (3) the reaction between BEN and CHE seems to be reversible. Figure 13 shows the stability test of the NiMo15Al catalyst with the anisole conversions as a function of time-on-stream over 50 h at 280°C, under H 2 pressure of 0.5 MPa, with the W/F of 15.5 min, which is adjusted to obtain a comparable initial conversion level. It is revealed that the conversion of anisole is initially 98% and gradually remained stable within the range of 88% after time on stream of 40 h. It is obviously superior to normal Ni-based catalysts in the previous literatures [19] , in which the deactivation is mainly induced by the agglomeration of Ni particles. A high density of small Ni nanoparticles with the pinning effect of Mo promotes the resistance to agglomeration. In addition, the selectivities of the main products are also summarized in Fig. 13 . When the stability test is conducted after 45 h, small oxygenates are detected to have been formed by the sequential reactions. This indicates that the HDO ability of the catalyst slightly decreases, which can be attributed to the decline of the oxygen vacancy sites. The oxygen vacancy sites are continually occupied by the oxygen atom from anisole but also unable to be completely reduced by H 2 . In other words, the reverse Mars-van Krevelen circulation cannot last induced by the low hydrogen pressure under a long time [45] . The selectivities of BEN and CHE are from 28.2 to 46% and from 71.7 to 53.4%, respectively. Their respective changes presumably are due to a gradual and continuous modification of the catalyst surface by the oxygen-containing phenolic reactants during HDO, which has effect on the hydrogenation sites of benzene ring rather than the catalytic sites for aryl-oxygen bond cleavage, as similar as the previous reported findings [20] .
In Summary, NiMoAl LDHs were successfully prepared by ion-exchange of NiAl-terephthalate LDHs with heptamolybdate anions, which exhibited good activity toward the removal of oxygen for the cleavage of anisole under the low hydrogen pressure. Upon calcination and subsequent reduction, catalysts with high dispersion of small Ni nanoparticles are On the other hand, molybdenum species have been used to explore for the hydrodeoxygenation activity of small oxygenates with regard to the distribution of acid sites and the number of the oxygen vacancy site. Furthermore, the catalysts showed higher resistance to deactivation than the Ni-based catalysts, which can be broadly applied to other hydrodeoxygenation reactions.
Methods

Catalyst preparation and characterization
The preparation of the NiAl-terephthalate (Ni 0.4 Al 0.6 (OH) 2 TA 0.3 ·mH 2 O) LDH starting materials was described in detail [25] . Briefly, they were prepared by simultaneous dropwise addition to the de-ionized water, from an aqueous solution of the metal nitrates and another containing terephthalic acid dissolved in sodium hydroxide, so as to maintain the pH at 6.5 ± 0.3. The precipitation was carried out at 80°C and the precipitate obtained was aged in the mother solution for 24 h at room temperature. The resulting solid (NiAl LDH) was recovered by vacuum filtration, thoroughly washed with de-ionized water to remove Na + ions until neutral pH was reached and finally the solid was dried at 100°C for 12 h.
The terephthalate anion was exchanged with heptamolybdate by contacting 50 mg of the NiAl LDH with different amount of 0.07 M ammonium heptamolybdate (AHM) solution for 24 h in a closed Nalgene bottle heated to 80°C, aiming to obtain different quantity of Mo 7 O 24 6− ions intercalated LDHs. The exchanged material was recovered by the same process as NiAl LDH. The heptamolybdate-exchanged materials were named NiMo x Al LDH, where X is equal to the percentages of Mo in the materials.
The amount of Ni, Al and Mo was performed on inductively coupled plasma-optical emission spectroscopy (ICP-OES). Before analysis, a known amount of sample was dissolved with diluted nitromurlatic acid solution.
X-Ray powder diffraction (XRD) was carried out on D/MAX-2400 diffractometer with Cu Kα 1 radiation, λ = 1.5418 Å, 40 kV, 40 mA.
FTIR spectra were obtained in a Thermo Nicolet Nexus 410 instrument with the samples dispersed in 1:20 proportion in potassium bromide and pressed as wafers. Scans were performed between 4000 and 400 cm − 1 . Temperature-programmed reduction experiments were performed in a stream of 10 vol.% H 2 /Ar with a flow rate of 50 cm 3 /min. The samples were heated up to a final temperature of 900°C at a rate of 10°C/min and H 2 consumption was monitored by a thermal conductivity detector.
In the temperature programmed desorption of ammonia (NH 3 -TPD) experiments, the calcined materials were outgassed in He at 573 K for 2 h, and then saturated at 373 K in a 10% NH 3 /He stream (50 mL/min) for 1 h. After removing most of the weakly physisorbed NH 3 by flowing He (50 mL/min), the chemisorbed NH 3 was determined with a thermal conductivity detector (TCD) by Adsorption-desorption isotherms of the catalysts (approximately 0.10 g sample) were determined from N 2 adsorption-desorption cycles performed on an autosorb IQ automated gas sorption analyzer. The specific surface areas and total volumes were calculated using the Brunauer-Emmett-Teller (BET) method, and the pore size distributions were obtained according to the adsorption branches by the Barrett-Joyner-Halenda (BJH) method.
The particle size dispersion of the samples was measured by electron micrographs. Before measurement, power samples were ground, suspended in ethanol, and dispersed by ultrasonic treatment. The obtained dispersion was transferred to a holey copper-grid-supported carbon film. The morphology and structural composition of the samples was examined by transmission electron microscopy (TEM), equipped with an energy-dispersive X-ray (EDX) analyzer.
The morphology and structural composition of calcinated mixed-oxides were characterized and analyzed by tungsten filament scanning electron microscopy (SEM, Nova Nano SEM 450 from FEI Co.), equipped with an energy-dispersive X-ray (EDX) analyzer.
The XPS spectra were collected using an ESCA-LAB250 spectrometer with monochromatic Al Kα radiation (15 kV, E = 1486.6 eV). The binding energy (BE) values were referenced to the adventitious carbon (C 1 s at 284.6 eV). A Shirley-type background was subtracted for Mo 3d envelops, and the linear-type background was subtracted for Ni 2p envelops.
Catalytic HDO of Anisole
To investigate the two types of C-O bond cleavage reaction of ether compounds derived from pyrolysis oil, anisole is generally chosen as a test substrate. Catalytic HDO of anisole was conducted in a continuous flow fixed-bed reactor with a 9 mm stainless steel tube at 0.5 MPa. Before use, the NiMoxAl LDH samples were calcined at 450°C in a 33 vol.% O 2 /He stream (40 mL/min) for 5 h (heating ramp of 1.5°C/min). The calcined NiMoxAl catalyst was placed into the fixed-bed reactor and reduced in situ by pure H 2 (40 mL/min) at 450°C for 2 h before the HDO experiments. Subsequently, the temperature of the reactor was adjusted to the desired reaction temperature (200-280°C). The liquid reactants composed of 8 wt.% of anisole, 2 wt.% of n-dodecane as internal standard for gas chromatography analysis, and 90 wt.% of n-decane as inert solvent, were pumped into the reactor at different flow rates (0.06-3.00 mL/min). Then, the experimental data were collected at different space times after the fresh catalyst reached steady state. The space time (W/F) is defined as the ratio of catalyst mass (g) to substrate flow rate (g/min). The reaction products after being condense in a trap at room temperature were collected and analyzed by gas chromatograph (GC-7890F, FID, FFAP column, 30 m × 0.32 mm × 0.5 μm) and identified by an Agilent 6890 N GC (HP-5 MS capillary column, 30 m × 0.25 mm × 0.25 μm) with 5973 MSD. The conversion of anisole is defined as the number of C atoms reacted divided by the total number of C atoms in the reactant. The selectivity is defined as the number of C atoms in the product of interest divided by the total number of C atoms in all liquid products.
Abbreviations AHM: Ammonium heptamolybdate; BE: Binding energy; BEN: Benzene; BET: Brunauer-Emmett-Teller; BJH: Barrett-Joyner-Halenda; CHE: Cyclohexane; CHL: Cyclohexanol; CME: Cyclohexyl methyl ether; EDX: Energy-dispersive X-ray; EDX: Energy-dispersive X-ray spectroscopy; FFT: Fast Fourier Transform; FTIR: Fourier Transform Infrared Spectroscopy; HDO: Hydrodeoxygenation; HRTEM: High-resolution transmission electron microscopy; LDHs: Layered double hydroxide; PHE: Phenol; PSD: Pore size distribution; SEM: Scanning electron microscopy; TCD: Thermal conductivity detector; TCD: Thermal Conductivity Detector; TEM: Transmission electron microscopy; TPD: Temperature programmed desorption; XPD: X-Ray powder diffraction spectroscopy; XPS: X-ray photoelectron spectroscopy
